Abstract-Protection of ecological health of aquatic ecosystems is a primary focus of water quality programs globally. Of special concern is the degradation impact from urban stormwater. Urban storm runoff is highly variable in both physical and chemical stressors, and can impact by changing the structure and physiology of ecological communities. We propose the use of photosystem II (PSII) activity of local periphyton communities for detecting impacts on the ecological health of aquatic ecosystems. This study evaluated the sensitivity of PSII response of periphyton communities to environmental stress in the field and stress (copper toxicity) simulated in the laboratory. The field study was done on natural periphyton communities at two sites in the Swan River estuary, Western Australia receiving urban stormwater discharge. Natural community at a non-receiving upstream site was used as the control. The laboratory study involved a chronic and an acute exposure to copper using periphyton community collected at the control upstream site. Both the laboratory and field studies indicated that PSII response was a sensitive indicator to the different exposures than the response in biomass, chlorophyll a content, or in-vivo chlorophyll fluorescence. Response in PSII also correlated strongly with the structural changes of the communities in total individuals (N) and species number (S) (Pearson's coefficient 0.9 at sig < 0.01). Communities pre-exposed to chronic copper, exhibited enhanced PSII activity that correlated positively with the increased community tolerance to copper toxicity. The PSII activity of communities receiving urban stormwater was indicative of the stormwater quality in that lower activity corresponded to poorer water quality. The results demonstrated that community PSII response to be sufficiently sensitive to environmental stress, including urban stormwater that is episodic and highly variable.
I. INTRODUCTION
Urban storm runoff has a major impact on receiving aquatic ecosystems. Physical and chemical approaches for assessing runoff impacts have been found inadequate, and there is now recognition of the need for ecological approaches for more effective protection of the aquatic ecosystems [1] , [2] . An ecological-based approach relies on our ability to define environmental impacts not only in terms of chemical and physical qualities, but also in terms of Manuscript received December 8, 2012 ; revised February 19, 2013 . This work was supported in part by the Australian Postgraduate Award.
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ecological health. One of the more serious challenges is in defining the impact of storm runoff, which is episodic and has multiple stressors. An appropriate indicator of ecological health for receiving aquatic ecosystems would be necessary. This indicator should identify risks associated with the exposure to single and multiple stressors that are also variable in composition. It should also detect ecological perturbations and must demonstrate a quantitative relationship with the stressor to allow prediction of potential impacts.
Ecosystem degradation may be defined by changes to biotic community structure or ecological processes [3] . Biological indices, currently used for impact assessment of community structure, are based mainly on taxonomic analysis [4] . Taxonomic data are multivariate which can be problematic for establishing cause-effect relationships and, consequently, for predicting impacts [5] . Furthermore, tests based on biological enumeration, though generally suited to quasi-steady state situations, may not be appropriate for evaluating impacts of short-term stress such as storm runoff [6] . On the other hand, functional measures of ecological processes, such as primary productivity, nutrient cycling, and energy flow, are typically univariate, and therefore can be explicitly modelled mathematically for prediction of impact. Since changes in physiological processes precede community structural changes [7] , functional measures that integrate the collective activities of individuals in a community are more protective. Such functional measures are preferable to structural measures as indicators of environmental impacts, particularly where impacts are short-term and stress levels are not lethal, as in urban storm runoff. However, few functional parameters are currently in use, and they tend to be less sensitive than structural parameters [8] . In view of the potential advantages of functional measures, alternative analytical techniques need to be developed for detecting functional changes.
We propose photosystem II (PSII) activity as a functional measure for detecting degrading aquatic ecosystems. PSII yield measures the efficiency of the photosystem in harvesting solar energy for photosynthesis and is conveniently measured by pulse-amplitude modulated (PAM) fluorometry. As a performance indicator of primary productivity, PSII activity is ideal for detecting ecological impacts. The aim of this study is to evaluate the sensitivity of PSII response of periphyton community to variable exposure of copper and to urban stormwater discharge.
Periphyton communities are important to the productivity of aquatic systems. It is well documented that periphyton are good biological indicators of chemical and physical stress [9] . The periphyton community, as a highly diverse community in taxonomy and genetics, can provide an integrated source of information for impact studies in nearly every situation [10] . If the community response is predictable, it can provide an early warning of impact on the ecosystem. Copper is a common contaminant in urban storm runoff [11] . Although copper is an essential micronutrient to periphyton, it is toxic when in excess [12] . Excessive copper can inhibit algal photosynthesis and cause structural changes to periphyton communities, thereby degrading aquatic ecosystems [13] , [14] .
II. MATERIALS AND METHODS

A. Experimental Design
This study was conducted in the laboratory and in the field. The communities of periphytic organisms used for both studies were collected from the Swan River estuary in Western Australia. The laboratory study comprised two exposure conditions to copper: a long-term chronic exposure, and a short-term acute exposure. The long-term exposure was for 21 days to low copper concentration, range 0.05-0.3 mg/l Cu, buffered with ethylenediaminetetraacetic (EDTA). This concentration range was selected to include the ambient concentrations (0.0013-0.05 mg/l Cu [15] ) along the stretch of the Swan River estuary being studied. The short-term exposure was for 24 hours, at higher concentration range of 0.16-4 mg/l Cu, without EDTA buffering. This concentration range includes the concentrations (0.01-1.3 mg/l Cu, [16] ) found in the urban stormwater drains of interest.
B. Culture Media
Experimental periphyton were maintained in the laboratory using f/2 medium [17] that was modified by reducing the concentration of copper and zinc to 10 % of the original recipe. Copper concentration was reduced to minimize effects from blank culture media. Zinc concentration was reduced to minimize possible co-tolerance effects [18] . The medium was prepared in 0.45 μm-filtered seawater (taken from the Indian Ocean), adjusted with deionised water to 10 ‰ salinity (mean salinity at the study site during wet season). For the stock periphyton and the long-term chronic copper exposure, the culture media contained 3.82 mM EDTA (as the disodium salt C 10 H 14 N 2 O 8 Na 2 .2H 2 O, AJAX analytical grade) to reduce the effective toxicity of copper [19] .
C. Stock Periphyton Culture
For the laboratory study, a stock culture of estuarine periphyton, local to the Swan River estuary of Western Australia, was used as the inoculant for the test communities. The stock periphyton was cultured by randomly collecting 3 lots of 2-l estuarine water (total 6 l) from the study site, and placing it in a 24-l tank containing 12-l culture medium (total 18 l). Incubation was for a month in a cycle of 12 h dark: 12 h light (3000 lux, 60 W OSRAM daylight fluorescent light tube) at 20 º C. An immersed water-pump circulated the tank solution. Weekly, the tank solution was decanted as much as possible, and replaced by estuarine water (6 l, freshly sampled) and culture medium. After one month, accumulated periphyton on the internal surfaces of the tank were collected, homogenised, and then suspended in 300 ml fresh culture medium. This stock culture was kept in the dark, at 4˚C.
D. Copper Solutions
Copper solutions for the laboratory study were prepared from a 100 mg/l Cu stock aqueous solution (CuSO 4 .5H 2 O, AJAX analytical grade, in deionised water) by dilution with the respective culture media.
E. Field Exposure of Periphyton Communities to Urban Storm Water
Periphyton communities were colonized on the Swan River estuary at three sites, about 2.5 km apart (Fig. 1) . Two sites, S1 and S2, were receiving urban storm water from the Chapman Main Drain (MD) and Bayswater MD, respectively. The third site, S0 is the control site, upstream from the urban drains. These urban drains are known to be among the top five major polluters of the Swan-Canning Estuary of Western Australia [20] . At each site, three lots of glass substratum collectors were placed 3 m apart across the river flow and 5 m from the northern bank. The collectors were held suspended at 1 m depth by a float and moored in position by weights (Fig.2) . Each lot represented a replicate sampling. Each collector comprised 10 glass slides (75 mm x 25 mm x 1 mm), held in a plastic rack. The field colonization of the periphyton communities was conducted from 21 Sep-5 Oct 2001. Two series of storm event occurred during this period (Fig. 3) . The developed periphyton communities were collected for analysis of biomass and PSII activity. 
F. Laboratory Study: Long-Term Chronic Copper Exposure
An aliquot of 10 ml periphyton stock culture was added, in triplicate, to 5-l tanks of culture medium, spiked with copper to 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 mg/l Cu. A control culture medium was included, also in triplicate. The periphyton were allowed to develop on a rack of five glass plates (clear glass, 250 mm x 75 mm x 2 mm), immersed in the tank solutions. The tank solutions were aerated. Incubation conditions were the same as for the stock culturing. Uniform light intensity was established in the incubation area to 1 standard error of ± 10% mean, using Digital Lux meter. The tanks were positioned randomly, with re-positioning weekly to offset variability in spatial conditions.
Exposure was for 21 days, which allowed good coverage of the glass plates by the periphyton (indicated by a trial experiment). The tank solutions were renewed weekly. A preliminary study indicated weekly renewal to be a suitable time period for maintaining the copper concentration within 1 standard error of ± 10% initial. The exposure concentrations were monitored weekly, i.e. at the start and end of the week. After the 21 days, the periphyton communities developed were collected, mixed in a tissue homogenizer, and made up to 50 ml with the respective fresh culture media. The homogenized samples were analysed for PSII activity, in-vivo chlorophyll fluorescence, chlorophyll a content, biomass, and differences in community structure. The homogenized samples were also used for the study of short-term acute copper exposure.
G. Laboratory Study: Short-Term Acute Copper Exposure
For The short-term copper exposure was done using the communities pre-exposed to 0.1 and 0.3 mg/l Cu, plus the control community. The periphyton test samples were first rinsed and centrifuged three times with the short-term culture medium before maintaining them suspended in the short-term culture medium. The periphyton samples were then added to a series of 0.2, 0.5, 1, 2, 3, 4, and 5 mg/l Cu in culture plates of 3 ml-wells, in a ratio of 0.5 ml to 2 ml respectively. This diluted the copper concentrations to 0.16, 0.4, 0.8, 1.6, 2.4, 3.2, and 4 mg/l Cu in the test samples, respectively. A blank medium solution was included as the control. All tests were in triplicate.
The samples were incubated in light regime of 10-h light, 12-h dark and 2-h light, making a total of 24 hours. Other conditions were as for the long-term exposure. At the end the 24-h exposure, PSII activity was measured. Effect endpoints were determined from the response curve of PSII activity versus copper concentration of the short-term exposure. Effect endpoints EC 5 and EC 50 were determined by the ICp Method [21] . The periphyton samples were also analysed for community structural changes.
H. Determination of Chlorophyll Fluorescence Parameters
The parameters related to chlorophyll fluorescence to determine included PSII activity and in-vivo chlorophyll. PSII activity was determined as the effective yield under steady-light condition using a pulse-amplitude modulation (PAM) fluorometer (Walz Diving PAM). This PSII quantum yield was determined in low, non-photoinhibiting light intensity (mean photosynthetic photon flux density = 42.5 ± 1 standard deviation of 0.6 mol.m -2 s -1 , Quantum Scalar Laboratory 2100 light sensor), at 20°C. Aliquots of 2.5 ml periphyton test samples, in triplicate, were conditioned in culture plates (3 ml x 24 wells, flat-bottom, clear polystyrene, with cover, untreated, sterile) for at least one hour before measurement. Three measurements were taken at different, non-overlapping locations of the sample wells, giving n = 3 discrete PSII quantum yield measurements per sample well. The arithmetic mean was reported.
In-vivo chlorophyll fluorescence (denoted by F 0 ) was determined after adapting the test samples in the dark for one hour [20] .
I. Chlorophyll a Content Determination
Chlorophyll a content was determined by spectrophotometric analysis on acetone extracts, following APHA Method 10200H [22] . Determination was in triplicate. However, this method was found not sufficiently sensitive for the short-term exposure where the amount of the exposed test samples was too low.
J. Biomass Determination
Community biomass was determined as ash-free dry weight according to APHA Method 10200 [22] . Briefly an aliquot of the test periphyton samples was filtered through glass-fibre filter (dia 22 mm, Whatman) by vacuum-suction, rinsed with deionised water and drained for 5 minutes before transferring to a clean 10 ml crucible, with lid. A blank run with the glass-filter and test sample medium (culture medium or deionised water) was included. The analysis was in triplicate.
K. Copper Analysis
Copper concentrations in test solutions for the long-term and short-term exposure studies were determined by flame atomic absorption spectrophotometry (Perkin Elmer AAnalyst 300 spectrophotometer) against standard copper solutions (Spectrosol®). Test samples were filtered through 0.45-μm filters (dia 4 cm, sterile, disposable, non-pyrogenic cartridge, Sartorious Minisart® NML) and preserved with a drop of nitric acid (AJAX concentrated HNO 3 , analytical grade). Measurements were taken after nitric acid digestion.
L. Community Structure Analyses
Community structure was analysed for total number of individuals (N), total number of species (S), species richness (d), species evenness (J), and the biodiversity indices of Shannon index (H) and Simpson index (1-λ) . The parameters N and S were determined by direct enumeration. Parameters d and S were adjusted to allow for differing number of individuals. To facilitate easy visual examination, test samples were stained and fixed following Method 10200 Fc6 in APHA [22] . Briefly, this involved preserving in 1% Lygol before staining with 1% Fuschin (1 g in 100 ml of 2% acetic acid), and dehydrating by rinsing in 50%, 90%, and 100% propanol, successively, and lastly in xylene.
For the short-term acute copper exposure, communities were examined for signs of cell damage, and analysed for only presence or absence of species.
M. Statistical Analysis
Association between the community response measures and copper exposures was examined by correlation analysis (Pearson"s). Test of significant differences was performed post analysis of variance (ANOVA), using the software package SPSS for Windows, Version 11.
Differences between communities were analysed by multivariate and from distribution curves using the Primer V5 program (PIMER-E Ltd). Here, the comparison of two or more communities is based on the extent to which they share particular characteristics. Most commonly used is the Bray-Curtis similarity coefficient [23] . The similarity coefficient facilitates subsequent analysis to discriminate between individual entities or groups using non-metric multidimensional scaling (MDS). The MDS presents the analytical outcomes on a 2-D or 3-D plot, where the differences or similarities between communities are indicated by their locations and distances apart. By ranking the differences or similarities in a non-metric order, the MDS plot can provide a simple yet compelling visual representation of the relative "closeness" of the communities [24] .
III. RESULTS
Measured concentration of the copper solutions for the laboratory study was within ± 5% of the nominal concentration. Weekly solutions of the long-term exposure were between 91% and 102% of the initial values. Hence, concentrations of the copper test solutions were taken to be the nominal concentrations, respectively.
A. Field Community Responses to Urban Storm Discharge
Response measures of the field communities are listed in Table I . Community biomass at the Bayswater MD was comparable to the reference site, but was lower at the Chapman MD. However, between community differences were not significant statistically (Mann-Whitney sig > 0.5). In contrast, PSII response was significantly lower for both the communities receiving urban storm discharge than for the reference community (Mann-Whitney sig < 0.001). The difference between the receiving communities was not statistically significant (Mann-Whitney sig > 0.5). 
B. Community Responses to Laboratory Long-Term Chronic Copper Exposure
Community responses to the 21-d chronic copper exposure are presented in Table 2 and Fig. 4 . There was a rich diversity of periphytic organisms, with at least 10 different forms observed. Total number of individuals (N) was in the order of 103. Pennate diatoms dominated the communities, with the Nitzschia sp. constituting more than 80 % of the community population. The Naviculoid sp. varied highly across the communities, from 2.5 % to 16 %. Others included protozoa and picoorganisms. The protozoa identified were mainly Ciliates, Amoeba, and Vorticelli. Protozoa varied between 4.5 % and 13 %. Overall, between the copper-exposed and control communities, there was no significant difference in any of the structural parameters (i.e. The long-term chronic exposure to copper has the effect of enhancing PSII activity of the communities (Fig. 4) . The PSII activity correlated strongly and positively with the concentration of the long-term copper exposure (Pearson"s coefficient > 0.85, sig 0.01). Response in in-vivo chlorophyll fluorescence (F 0 ) also correlated strongly and positively but with a lower correlation coefficient (Pearson"s > 0.79) than PSII response. The other responses in biomass and chlorophyll a content were only weakly correlated with concentration of the copper exposure (Pearson"s coefficient < 0.50).
N, S, d, J, H, and 1-).
There was also a strong correlation between PSII activity and the community structure of N and S (Pearson"s coefficients of 0.9 at sig. < 0.01). Fig. 5 . MDS plots showing differences between communities in structure after 24-h acute copper exposure, where the distances apart corresponds to the community differences; the points "x-y", where x denotes that the concentration in Cu mg/l of the 21-d exposure and y denotes that of the 24-h exposure, "0" denotes the control medium.. High copper concentration impaired the periphyton communities by causing cellular damage in organisms. The Nitzschia sp. appeared bloated with disintegrated or fragmented cell structure. The Naviculoid sp. also suffered from cellular disintegration even though they retained their form of siliceous cell casing. On the other hand, short-form pennate diatoms inhabiting in tubes tended to stay intact in high exposure concentration. Cellular damage, observed as disintegrated cell contents or fragmented cell structures, was more apparent with increased concentration of the short-term exposure. Overall, the control community responded to the 24-h acute copper exposure in the laboratory with greater changes in structure than the pre-exposed communities. This is indicated by the greater distances apart in the MDS plot for the control community compared to the communities pre-exposed to 0.1 mg/l Cu and 0.3 mg/l Cu (Fig. 5) . Between the pre-exposed communities, the points are nested closer for the higher pre-exposure copper concentration.
C. Community Responses to Laboratory Short-Term Acute Copper Exposure
Community responses in both PSII activity and in-vivo chlorophyll fluorescence varied with the exposure concentration of copper (Fig. 6 and Fig. 7, respectively) . In general, both the responses decreased with increased exposure concentration. Both the pre-exposed communities have higher EC 5 and EC 50 than the control community (Table  III) . The community pre-exposed to 0.3 Cu mg/l exhibited stimulatory PSII response at low copper concentration. 
IV. DISCUSSION
The laboratory study indicated two effects of copper: an enhancing effect and a suppressing effect. High concentration of copper suppressed PSII activity and, hence photosynthetic efficiency of the estuarine periphyton communities. This effect was accompanied by cellular damage. On the other hand, low concentration stimulated the activity to enhance photosynthetic efficiency. Pre-exposure to copper affected the community responses to subsequent acute exposure, from which is inferred that the long-term exposure promoted the development of periphyton communities that were more efficient photosynthetically and also more tolerant to copper.
The concomitant increase in photosynthetic efficiency and tolerance suggested that the tolerant periphytic organisms were more efficient in photosynthesis than the sensitive periphytic organisms. We believe that the community changes are necessary to maintain normal functioning of the communities [8] . Different classes of algae can be different in photosynthetic efficiency due to variation in the structural organization of their photosynthesis apparatus [25] . The changes observed in the short-term experiment can be attributed to individual organism responses, whereas the changes in the long-term experiment were in addition due to interactions within community. Rapid changes can be brought about by detective responses of certain organisms in the community that are reactive to the stressor, i.e. copper in this case. Alternatively, individuals that are very sensitive to copper can respond aberrantly resulting in direct or indirect impairment to the PSII system, or in their total removal [26] . On the other hand, certain organisms in the community can be adaptive by tolerating the stress that is temporary but not extended (i.e. within the exposure duration of 24 h). This would result in no apparent changes. Changes over long term involving turnover of several generations, may include genetic adaptation, physiological acclimation, or removal of sensitive species. All these would imply a corresponding change in the community structure, which was indicated by the strong correlationship between the community PSII activity and structure in total number of individuals (N) and species number (S).
Studies by Gustavson and Wangberg [18] have indicated that copper can exert a selective pressure on aquatic micro-organisms to favour more tolerant species. The concentration-PSII yield curves describe the community tolerance distribution [26] , and the differences between the short-term response curves reflect the changes brought about by the long-term pre-exposure to copper. Community tolerance is important in ecological risk management, especially for low-level contamination such as urban storm runoff. Protection of a particular biotic community from impact by a particular contaminant invariably means ensuring that the contaminant concentration in the environment does not exceed the community tolerance limit.
The long-term and short-term response curves of the periphyton communities both indicated that the community PSII response was dependent on both the exposure duration and concentration of the stressor copper. Variance analysis demonstrates that the response measure in PSII quantum yield was sufficiently sensitive to detect treatment differences in the short-term exposure as well as in the long-term exposure. Response in PSII correlated strongly to the exposure concentration of copper in the long-term treatment. The PSII response of the field communities also was indicative of the stress from the urban stormwater discharge that corresponded to the water quality. In comparison, the response measure of in-vivo chlorophyll fluorescence, biomass or chlorophyll a content was not as indicative.
PSII quantum yield measures a rapid process of electron transport, of a time scale of milliseconds. Biomass and chlorophyll a content, however, measure the slower process of growth on a time-scale of days and, therefore, are expected to respond more slowly than PSII activity. In-vivo chlorophyll fluorescence is a compensatory process in the regulation of excitation energy for photosynthesis and reacts to the same electron transport process that PSII quantum yield measures. This may explain the closeness of their correlation coefficients.
PSII yield has the advantage of being a general effect measure, allowing a wider applicability to any photosynthesizing biota, and is therefore not limited to periphyton assemblages only. However, being a universal response, PSII response is not specific to a particular stressor, or a class of stressors, but to most general stressors. Hence it does not indicate solely the effects of copper. As such, PSII response may not be able to identify the specific stressor. However, environmental impact is more likely to be a complex mixture of stressors, such as in the case of urban storm runoff. In providing a direct measure of physiological response of the periphyton community to environmental stress, PSII activity would be desirable when the concern is the ecological health of the ecosystem rather than a need to identify the stressors. Moreover, the effect measured will be a resultant impact, even though the measure would be indicative rather than absolute. According to the concept of pollutant-induced community tolerance (PICT) [27] , increased community tolerance to a stressor, e.g. copper as in this study, relative to a reference site may be used as evidence of impact from that stressor. Perhaps, this may compensate for the limitation of PSII yield being a universal effect measure after all.
There is also the added advantage of being correlated to community structure. As assessment of community structure is typically multivariate, establishing the cause-effect relationship for predicting ecological impact can be problematic. Their correlation can facilitate the use of the PSII response measure, which is univariate, for establishing causal-effect and for predicting impacts. There is this very recent Chemotaxonomy technique based on pigment profiling for community structure [28; 29] , but it is destructive whereas determination of PS activity is not. Combined with the analytical features of PAM fluorometry as a rapid and non-intrusive technique, there is potential for real-time, in-situ field measurements of PSII activity for assessing ecological impacts at the community level.
V. CONCLUSION
Our findings demonstrated PSII quantum yield to be an effective indicator of ecological impacts on an estuarine periphyton community. Community response in PSII was dependent on the duration and concentration of copper exposure. The PSII response measure correlated strongly with the community structure. It has the added advantage of being a universal response measure of photosynthetic efficiency that is of ecological significance.
